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Effect of Grain Growth Inhibitors on the Hysteresis
Properties of Nd10Fe82C6B2 Melt-Spun Alloys
M. Daniil, Y. Zhang, H. Okumura, G. C. Hadjipanayis, Member, IEEE, and D. J. Sellmyer, Member, IEEE
Abstract—An effort has been made to improve the coercivity of
nanocomposite Nd10Fe82C6B2 alloys, using small amounts (up to
1 at%) of Cr, Ti, Nb, Zr, and Ga. X-ray studies revealed that the
amount of –Fe phase in both as-spun and annealed ribbons was
significantly reduced for Nb and Zr substitutions, but increased
for all the other substitutions. From the magnetic properties point
of view, Zr (1 at%) was proven to be the most advantageous of all,
since it increased the coercivity of annealed ribbons from 3.2 to
4.8 kOe and the maximum energy product from 5.8 to 13 MGOe.
This improvement is associated with the much finer and more
uniform microstructure as was revealed by transmission electron
microscopy.
Index Terms—2 : 14 : 1 carbides, grain growth inhibitors,
nanocomposite magnets.
I. INTRODUCTION
NANOCOMPOSITE magnets consisting of a fine mixtureof a hard and a soft phase are very well known for their ex-
cellent magnetic properties; i.e., enhanced remanence, reason-
ably high coercivity in combination with low cost and corrosion
resistance, because of the smaller amount of rare-earth. The re-
manence enhancement is related to the exchange coupling be-
tween the two constituent phases and it depends strongly on the
grain size and distribution of the soft phase. Optimum magnetic
properties have been obtained when the grains of the soft phase
are less than 20 nm [1].
Nanocomposite magnets obtained with the melt-spinning
technique have a rather nonuniform microstructure and the
grain size of the soft phase is too large for optimum exchange
coupling [2]. Recent studies have shown that small substitutions
(up to 1 at%) with some elements (known as grain growth
inhibitors), such as Nb [3]–[5], Zr [5], [6], Ti [1], [5] Ga [7],
[8], and Cr [5], [9] for Fe can actually lead to a finer and more
uniform microstructure with improved magnetic properties.
In our previous paper, the effect of carbon on the for-
mation and magnetic properties of nanocomposite NdFe
(C,B) –Fe magnets with composition NdFe B C
was examined [10]. The magnetic
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measurements showed that the coercivity had a maximum of
8.7 kOe for , followed by a gradual decrease with further
increase of carbon concentration. The deterioration of the
magnetic properties with was found to be associated with the
change of the crystallization behavior and the coarsening and
nonuniformity of the microstructure for . Similar results
were observed by Wanget al. in [11].
In this paper, we chose a composition with high carbon con-
tent (i.e., Nd Fe B C ) and, therefore, with inferior magnetic
properties, and we investigated the effect of small substitutions
(i.e., Zr, Nb, Cr, Ga, and Ti) for iron, on the magnetic, structural,
and microstructural properties of the ribbons.
II. EXPERIMENT
Master alloys with composition NdFe M B C , with
M Ga, Ti, Cr, Zr and Nb and , were pre-
pared by arc-melting the elements Nd, Fe, and the dopants M
with the alloys Fe–C and Fe–B, under argon pressure. The in-
gots were remelted four to five times and then solutionized at
1050 C, under argon, for 24 h to ensure homogeneity. Small
pieces (0.7–0.8 gr) of the arc-melted buttons were melt-spun
into ribbons under argon atmosphere, using a single roller Cu
wheel. A range of wheel-speeds, from 12 to 26 m/s, was used
to optimize the magnetic properties. For the injection of the
molten alloy, helium gas was used. The as-spun ribbons were
sealed under vacuum and annealed at temperatures in the range
of 750 C–900 C for 30 s–2 min and then cooled in air. The
phases of the samples were identified by a Philips X-ray diffrac-
tometer (XRD) using K Cu radiation, whereas the verifica-
tion of the existence of magnetic phases was done by thermo-
magnetic measurements. These measurements were carried out
with a high-temperature vibrating sample magnetometer (VSM)
under argon flow using an applied field of 0.8 kOe. The hys-
teresis loops were measured in small ribbon pieces with a VSM
using maximum fields of 50 kOe. Their long axis was oriented
parallel to the external field. The saturation magnetization, M
was determined from M versus plots and extrapolation to
infinite fields. Finally, microstructural studies were performed
with a JEOL JEM-2000 FX transmission electron microscope
(TEM).
III. RESULTS AND DISCUSSION
The XRD patterns of as-spun ribbons with and M
Nb, Zr with and 1 showed a similar behavior with the
wheel speed. At low speeds, there is a mixture of three phases,
2 : 14 : 1, 2 : 17 : C, and –Fe. As the wheel speed increases,
the 2 : 14 : 1 disappears. In Fig. 1(a) and (b) two representative
0018-9464/02$17.00 © 2002 IEEE
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Fig. 1. XRD patterns of melt-spun (a) NdFe B C ; (b) Nd Fe ZrB C ;
(c) Nd Fe CrB C ; (d) Nd Fe GaB C ribbons. The reference patterns
of the Nd Fe B, Nd Fe , and–Fe phases are shown in (e), (f), and (g),
respectively.
X-ray patterns are shown; one without any substitutions and
one with 1 at% of Zr, melt-spun at two different wheel speeds.
One significant difference between these two patterns is that the
amount of –Fe decreases drastically when Zr and Nb addi-
tions are used. On the contrary, when Ga, Cr, and Ti substitu-
tions were used, there were no traces of the 2 : 14 : 1 phase, at
any wheel speed. Instead, the 2 : 17 : Cphase appeared together
with larger amounts of –Fe phase (the main phase). Typical
patterns with Ga and Cr can be seen in Fig. 1(c) and (d).
After short time (1 min) annealing at 800C the soft
2 : 17 : C phase transforms into the hard 2 : 14 : 1. Fig. 2 shows
the X-ray patterns of the annealed optimally quenched ribbons
with and without substitutions. All the annealed ribbons are
composed of the 2 : 14 : 1 phase and–Fe. The amount of the
latter phase increases for Ga and Cr additions, decreases for Nb
and Zr, and remains almost the same with Ti.
The existence of the magnetic phases in the annealed rib-
bons was also verified by Curie temperature measurements in
the versus experiments. Fig. 3 shows some– curves
of annealed samples with 0 and 1 at% of substitutions. The
versus data showed only two magnetic transitions present:
one at 280 C, which corresponds to the 2 : 14 : 1 phase and an-
other at 770C characteristic for the–Fe. Consequently all the
soft 2 : 17 : C transformed into the magnetically hard 2 : 14 : 1
phase. It can also be observed that the above substitutions do
not change the Curie temperature of any of the phases. This is an
Fig. 2. XRD patterns of optimally melt-spun ribbons followed by optimal
annealing: (a) Nd Fe B C ; (b) Nd Fe ZrB C ; (c) Nd Fe CrB C ;
(d) Nd Fe GaB C ribbons. The reference patterns of the NdFe B, and
–Fe phases are shown in (e), and (f), respectively.
Fig. 3. Thermomagnetic curves of annealed NdFe B C ribbons
(a) without any substitutions; (b) with Nb; (c) Zr; and (d) Cr substitutions.
indication that the dopant additions do not enter into the crystal
structure of either the 2 : 14 : 1 or–Fe phases.
Bright field micrographs of the Nb, Zr and Ti containing rib-
bons (after optimal annealing) are shown in Fig. 4(b) and (c), re-
spectively, and are compared with the micrograph of the initial
composition (without any substitutions) in Fig. 4(a). The rib-
bons without any additions (NdFe B C ) did not show very
uniform size distribution (60–100 nm) of 2 : 14 : 1 and–Fe
phase [Fig. 4(a)]. The average grain size is85 nm. When some
Nb is added (0.5 at%) [Fig. 4(b)] the microstructure remains
no uniform but with rather smaller grains. The average grain
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Fig. 4. Bright field images of optimally processed ribbons, with composition:
(a) Nd Fe B C ; (b) Nd Fe Nb B C ; (c) Nd Fe ZrB C ; and
(d) Nd Fe Ti B C .
TABLE I
EFFECT OFSMALL SUBSTITUTIONS ON THEMAGNETIC PROPERTIES OF
OPTIMALLY QUENCHED AND ANNEALED Nd Fe M C B RIBBONS
size of the 2 : 14 : 1 phase is 65 nm, but some huge–Fe grains
( 100 nm) are still present. In addition, some NbC precipitates
were found, shown as small black dots. A more drastic change
in the microstructure was observed for Zr substitutions (1 at%)
[Fig. 4(c)]. The grains are finer and more uniform with an av-
erage size of 40 nm for the 2 : 14 : 1 grains and 88 nm for the
–Fe. No ZrC precipitates were found. On the contrary when
Ti is added (0.5 at%) the microstructure gets coarser (average
size 110 nm for both 2 : 14 : 1 and–Fe). In addition to the
2 : 14 : 1 and –Fe grains, many TiC precipitates were found.
Table I summarizes the magnetic properties of the annealed
ribbons that were optimally quenched, for different substitu-
tions, whereas some representative magnetic hysteresis loops
are presented in Fig. 5. The best properties for Nb, Zr, and Ti
were obtained after annealing at 800C for 1 min, but for Ga
and Cr additions annealing at higher temperatures (900C and
860 C, respectively) was necessary.
The best magnetic properties were achieved for 1 at% of Zr
substitution; the coercivity increased up to 4.8 kOe and the re-
duced remanence up to 0.62 (dashed line in Fig. 5). These
two facts in combination with the high saturation magnetization
tripled the maximum energy product to 13 MGOe, as compared
to 4.3 MGOe obtained without any substitutions. The enhanced
Fig. 5. Magnetic hysteresis loops of the optimally processed ribbons: (solid
line) no substitutions; (dashed line) with 1 at% of Zr; and (dotted line) 1 at% of
Cr substitutions.
values for Nb and Zr containing samples indicate stronger
exchange coupling between the 2 : 14 : 1 and–Fe grains. The
improved magnetic properties, for the Zr substitution is a con-
sequence of the much finer and more uniform microstructure
mentioned earlier. In contrast to Nb and Zr additions, Ti and
especially Cr and Ga deteriorate all the magnetic parameters.
This can be associated with the much coarser microstructure.
The main reason for this behavior is the formation of M-car-
bides which use the amount of carbon needed for the formation
of the 2 : 14 : 1 phase.
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